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Purpose: To perform an intra-animal comparison between (a) three-di-
mensional (3D) molecularly targeted ultrasonography (US) by 
using clinical-grade vascular endothelial growth factor receptor 2 
(VEGFR2)–targeted microbubbles and (b) 3D dynamic contrast 
material–enhanced (DCE) US by using nontargeted microbubbles 
for assessment of antiangiogenic treatment effects in a murine 
model of human colon cancer.

Materials and 
Methods:

Twenty-three mice with human colon cancer xenografts were ran-
domized to receive either single-dose antiangiogenic treatment 
(bevacizumab, n = 14) or control treatment (saline, n = 9). At 
baseline and 24 hours after treatment, animals were imaged with a 
clinical US system equipped with a clinical matrix array transducer 
by using the following techniques: (a) molecularly targeted US with 
VEGFR2-targeted microbubbles, (b) bolus DCE US with nontar-
geted microbubbles, and (c) destruction-replenishment DCE US 
with nontargeted microbubbles. VEGFR2-targeted US signal, peak 
enhancement, area under the time-intensity curve, time to peak, 
relative blood volume (rBV), relative blood flow, and blood flow ve-
locity were quantified. VEGFR2 expression and percentage area of 
blood vessels were assessed ex vivo with quantitative immunoflu-
orescence and correlated with corresponding in vivo US parame-
ters. Statistical analysis was performed with Wilcoxon signed rank 
tests and rank sum tests, as well as Pearson correlation analysis.

Results: Molecularly targeted US signal with VEGFR2-targeted micro-
bubbles, peak enhancement, and rBV significantly decreased 
(P  .03) after a single antiangiogenic treatment compared with 
those in the control group; similarly, ex vivo VEGFR2 expression 
(P = .03) and percentage area of blood vessels (P = .03) signif-
icantly decreased after antiangiogenic treatment. Three-dimen-
sional molecularly targeted US signal correlated well with VEGFR2  
expression (r = 0.86, P = .001), and rBV (r = 0.71, P = .01) and relative  
blood flow (r = 0.78, P = .005) correlated well with percentage area of  
blood vessels, while other US perfusion parameters did not.

Conclusion: Three-dimensional molecularly targeted US and destruction-re-
plenishment 3D DCE US provide complementary molecular and 
functional in vivo imaging information on antiangiogenic treatment 
effects in human colon cancer xenografts compared with ex vivo 
reference standards.
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agent has been designed and translated 
into clinical trials (19). In a recent study, 
3D molecularly targeted US was shown 
to be highly reliable in the assessment of 
tumor angiogenesis in mice (7). However, 
to the best of our knowledge, there is no 
study in which both emerging techniques, 
3D molecularly targeted US and 3D DCE 
US, were compared for the assessment 
of treatment response after antiangiogen-
ic therapy in an intra-animal comparison 
study by using a clinical US system and 
clinical matrix array transducer that sup-
ports 3D imaging.

Therefore, the purpose of this study 
was to perform an intra-animal compari-
son between 3D molecularly targeted US 
with clinical-grade VEGFR2-targeted mi-
crobubbles and 3D DCE US with nontar-
geted microbubbles for the assessment 
of antiangiogenic treatment effects in a 
murine model of human colon cancer.

Materials and Methods

Mouse Tumor Model
This study was approved by the Institu-
tional Administrative Panel on Labora-
tory Animal Care. Human colon cancer 

all patients respond to neoadjuvant ther-
apies, which expose many patients to 
unnecessary side effects with associated 
health care costs. Therefore, accurate 
noninvasive imaging biomarkers are 
critically needed to allow assessment 
of treatment success and better patient 
management.

Owing to its wide availability, rel-
atively low cost, portability, and lack of 
radiation exposure, ultrasonography (US) 
is one of the most commonly used im-
aging techniques in medicine. With the 
introduction of intravenous microbubble 
US contrast agents, functional imaging 
of tumor perfusion, also called dynamic 
contrast material–enhanced (DCE) US, 
has become clinically available (3). How-
ever, DCE US with current two-dimen-
sional imaging capabilities is suboptimal 
because it fails to demonstrate the spatial 
heterogeneity of tumor perfusion, and it 
is challenging to position the two-dimen-
sional US transducer at the exact same 
location for longitudinal assessment of 
tumor response (4–8). This limitation 
has been addressed by the introduction 
of three-dimensional (3D) DCE US tech-
niques (9–11). Three-dimensional DCE 
US enables the assessment of tumor per-
fusion in a volumetric manner, thereby 
making this technique more reproducible 
than two-dimensional DCE US imaging 
techniques, in particular for the longitu-
dinal assessment of tumor perfusion (11).

In parallel, US performed with mo-
lecularly targeted microbubble contrast 
agent has become a promising technique 
to visualize, characterize, and quantify bi-
ological processes at the molecular level 
in vivo (12–14), including tumor angio-
genesis–associated molecular markers 
such as vascular endothelial growth factor 
receptor 2 (VEGFR2) (15–18). A clinical-
grade VEGFR2-targeted US microbubble 
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Advances in Knowledge

 n Three-dimensional (3D) molecu-
larly targeted US and dynamic 
contrast material–enhanced 
(DCE) US are feasible for assess-
ment of antiangiogenic treatment 
effects in a mouse model of 
human colon cancer.

 n Vascular endothelial growth 
factor receptor 2 (VEGFR2)–tar-
geted 3D molecularly targeted 
US signal correlates well with 
expression levels of VEGFR2 (r = 
0.86, P = .001) as assessed with 
ex vivo quantitative 
immunofluorescence.

 n Relative blood volume (r = 0.71, 
P = .01) and relative blood flow 
(r = 0.78, P = .005) obtained 
with 3D destruction-replenish-
ment DCE US correlate well with 
the percentage area of blood ves-
sels as assessed with ex vivo 
quantitative immunofluorescence.

 n Blood flow velocity (r = 0.19, P = 
.57) obtained with the 3D 
destruction-replenishment DCE 
US technique, as well as peak 
enhancement (r = 0.39, P = .23), 
area under the time-intensity 
curve (r = 20.13, P = .71), and 
time to peak (r = 20.20, P = .55) 
obtained with the 3D bolus DCE 
US technique, did not correlate 
with ex vivo percentage area of 
blood vessels.

Implication for Patient Care

 n Three-dimensional molecularly 
targeted US and 3D DCE US may 
further expand the role of US in 
cancer imaging by providing ac-
curate molecular and functional 
information on the effects of 
treatment on the tumor 
neovasculatures.

Colon cancer is the second leading 
cause of cancer-related death, and 
it is estimated that there will be 

132 700 new cases and more than 50 960 
deaths from colorectal cancer in 2015 in 
the United States (1). The mainstay of 
treatment for colon cancer is curative 
surgery for patients at an early stage. 
Patients with colon cancer metastases, 
mostly to the liver, are treated with 
neoadjuvant chemotherapy, which of-
ten includes antiangiogenic drugs such 
as bevacizumab, a vascular endothelial 
growth factor–targeted monoclonal an-
tibody that was the first antiangiogenic 
agent approved by the U.S. Food and 
Drug Administration (2). However, not 
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(23). Nontargeted microbubbles (Vevo 
Micromarker; VisualSonics) consist of 
a gas core of perfluorobutane and a 
phospholipid shell with a mean size of 
2.6 µm (range, 1–4 µm). Nontargeted 
microbubbles (5 3 107 micro bubbles in 
100 µL) were injected over 5 seconds 
(20 µL/sec). Imaging data sets were 
acquired continuously for 4 minutes.

With the second method, the 
unique ability of DCE US to manipu-
late microbubbles (henceforth called 
destruction-replenishment DCE US) 
was used (11,23). Nontargeted mi-
crobubbles were continuously infused 
at a constant infusion rate of 2 3 107 
microbubbles per minute (40 µL/min). 
After steady-state enhancement was 
reached at 4 minutes, five high-power 
destructive pulses (mechanic index = 
0.77) were applied over a 5-second 
period to clear nontargeted micro-
bubbles from the entire tumor volume. 
After microbubble destruction, data 
were acquired continuously over an-
other 3-minute interval, which allowed 
the microbubbles to replenish to pre-
destructive values (Fig 1).

In all mice, 3D molecularly targeted 
US with VEGFR2-targeted microbub-
bles, bolus DCE US with nontargeted 
microbubbles, and destruction-replen-
ishment DCE US with nontargeted 
microbubbles were performed in the 
same imaging session, and the order of 
acquisition was randomized. To allow 
clearance of microbubbles from pre-
vious injections, a waiting time of at 
least 30 minutes was applied between 
imaging acquisitions (24–26). All mice 
tolerated the repetitive injections of 
microbubbles well.

Evaluating antiangiogenic treat-
ment effect with 3D molecularly tar-
geted US and 3D DCE US.—Twenty-
three tumor-bearing mice were used 
to assess the effect of antiangiogenic 
treatment versus control saline-only 
treatment on 3D molecularly targeted 
US and DCE US data sets. Fourteen 
mice (group 1) were intravenously 
treated with a single dose of the anti-
angiogenic agent (bevacizumab, 10 mg 
per kilogram of body weight; Avastin, 
Genentech, South San Francisco, Ca-
lif), and nine control mice (group 2) 

length, 40 mm; mechanical index, 0.05; 
dynamic range, 40 dB; and volume rate, 
1 Hz. Three-dimensional US imaging 
volumes were streamed in real time by 
using a built-in digital navigation link on 
the US machine, with custom in-house 
MeVisLab modules (Mevis Medical So-
lutions, Bremen, Germany) written in 
C++ (20).

Three-dimensional molecularly tar-
geted US protocol.— Three-dimensional 
molecularly targeted US was performed 
by using clinical-grade VEGFR2-target-
ed microbubbles (BR55; Bracco Suisse, 
Geneva, Switzerland) (21,22). VEGFR2-
targeted microbubbles are composed of 
a mixture of nitrogen and perfluorobu-
tane, functionalized with a heterodi-
meric peptide binding to VEGFR2.  
The mean number of heterodimeric 
peptides per square micrometer on the 
VEGFR2-targeted microbubble shell 6 
standard deviation was 34 200 6 1 300 
(range, 31 800–36 600) (7). The mean 
diameter of the VEGFR2-targeted mi-
crobubbles was 1.5 µm 6 0.1 (range, 
1–3 µm; Multisizer III Coulter Counter, 
Beckman Coulter, Fullerton, Calif). The 
stock solution contained 5 3 108 micro-
bubbles per milliliter. The VEGFR2-tar-
geted microbubbles were injected at a 
dose of 5 3 107 (in 100 µL) at a constant 
injection rate of 20 µL/sec. After 4 
minutes, which allowed the VEGFR2- 
targeted microbubbles to circulate 
through the tumor volume and attach to 
VEGFR2 (22), imaging acquisition was 
performed for 15 seconds. A sequence 
of five high-power destructive pulses 
(mechanic index = 0.77) was applied 
over a 5-second period to destroy all 
VEGFR2-targeted microbubbles within 
the field of view. After the destructive 
pulses were administered, imaging data 
sets were acquired for 60 seconds to 
allow microbubbles to recirculate into 
the tumor (Fig 1).

Three-dimensional DCE US proto-
col.—In each mouse, two well-estab-
lished techniques were used to acquire 
3D DCE US data sets by using nontar-
geted microbubbles (Fig 1). The first 
method is based on the wash-in wash-
out kinetics of microbubbles after bo-
lus injection of nontargeted microbub-
bles (henceforth called bolus DCE US) 

xenografts were established in 23 fe-
male nude mice (6–8 weeks old, weigh-
ing 20–25 g; Charles River Labora-
tories, Hollister, Calif). Human LS174T 
colon adenocarcinoma cells (ATCC, 
Manassas, Va) were cultured in Mini-
mum Essential Medium supplemented 
with 10% fetal bovine serum. The tu-
mor cells were trypsinized at 70%–80% 
confluence, and then 3 3 106 cells 
were suspended in 50 mL of Matrigel 
(BD Biosciences, San Jose, Calif) and 
injected subcutaneously on the lower 
hind limb of mice. Tumor growth was 
assessed by using an electronic caliper 
available on the US system. When the 
tumors reached 1–2 cm in maximum di-
ameter (mean size, 1.5 cm), the tumors 
were imaged.

In Vivo 3D Molecularly Targeted US and 
3D DCE US
During scanning, all mice were kept 
under gas anesthesia (2% isoflurane 
in room air, administered at 2 L/min). 
Mice were placed prone on a heated 
scanning stage. The tail vein was can-
nulated with a 27-gauge needle (Vevo 
Micromarker; VisualSonics, Toronto, 
Ontario, Canada) and attached to an 
injection pump (Kent Scientific, Tor-
rington, Conn). Three-dimensional US 
was performed by using a clinical US 
system (iU22 xMatrix; Philips Health-
care, Andover, Mass) equipped with a 
clinical matrix array transducer (X6-1, 
with a center frequency of 3.2 MHz; 
Philips Healthcare). To minimize motion 
artifacts, the transducer was held in a 
fixed position with a clamp. To reduce 
near-field artifacts, the transducer was 
coupled to the tumor with a prewarmed 
custom standoff of US gel to bring the 
tumor beyond the near field zone of the 
transducer. The distance between the 
transducer and the center of the tumor 
was set at 4 cm.

Each imaging acquisition (per-
formed by H.W., a radiologist with 5 
years of experience) was started with 
B-mode images to outline the tumor 
before switching to power modulation 
contrast imaging mode. The following 
parameters were kept constant for all 
imaging acquisitions in all mice: voxel 
dimensions, 320 3 110 3 210 mm3; focal 
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For 3D molecularly targeted US 
data sets, the VEGFR2-targeted imag-
ing signal of attached VEGFR2-targeted 
microbubbles was calculated as the dif-
ference in the targeted imaging signal 
intensity (in arbitrary units) between 
pre- and postdestructive imaging sig-
nals (17,22,25,28). For the quantifica-
tion of bolus DCE US with nontargeted 
microbubbles, time-intensity curves 
were fitted with a log-normal function 
model (29), and fitted curves were used 
to calculate the following perfusion 

software developed with MeVisLab 
(Mevis Medical Solutions) (27). The 
entire tumor was delineated with a 
volume of interest on the 3D B-mode 
images obtained in the axial, sagittal, 
and coronal imaging planes. This vol-
ume of interest was subsequently used 
to generate time-intensity curves on 
the images obtained with power mod-
ulation contrast imaging mode for the 
quantification of 3D molecularly tar-
geted US and DCE US data sets.

were treated with saline only. Three-
dimensional US was performed at 
baseline (day 0) and 24 hours after 
treatment (Fig 1). After imaging at 24 
hours, all animals were sacrificed, and 
tumor tissues were harvested for ex 
vivo analysis.

Analysis of 3D US Data Sets
Imaging analysis was performed by 
one reader who was blinded to the 
treatment type (antiangiogenic vs sa-
line only) by using in-house custom 

Figure 1

Figure 1: A, Summary of the time-intensity curve diagrams of 3D VEGFR2-targeted US molecular imaging (USMI) and the 
two DCE US techniques, along with the imaging parameters measured by using the three different techniques. B, Overall 
experimental design of 3D molecularly targeted US, bolus DCE US, and destruction-replenishment DCE US imaging exper-
iments. Subcutaneous human colon cancer xenografts were established in 23 nude mice and then randomized into two 
treatment groups. MB

Nontargeted
 = nontargeted microbubbles, MB

VEGFR2
 = VEGFR2-targeted microbubbles.
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Results

Three-dimensional Molecularly Targeted 
US and DCE US for Assessment of 
Antiangiogenic Treatment
At baseline, tumor volumes in the con-
trol group (1657 mm3 6 644) were not 
significantly different (P = .54) than 
those in the antiangiogenic treatment 
group (1806 mm3 6 569). At 24 hours, 
tumor volumes remained not signifi-
cantly different (P = .90) between the 

and the fitted curves were used to cal-
culate relative blood volume (rBV [in 
arbitrary units]), relative blood flow 
(rBF [in arbitrary units]), and blood 
flow velocity (in sec21) (5,31,32).

Ex vivo analysis of tumors is detailed 
in Appendix E1 (online).

Statistical analysis was performed 
with Wilcoxon signed rank tests and rank  
sum tests, as well as Pearson correlation 
analysis. Details of statistical analysis 
are given in Appendix E1 (online).

parameters (6,23,30): (a) peak en-
hancement (related to relative blood 
volume [in arbitrary units]), (b) area 
under the time-intensity curve (AUC, 
related to relative blood volume [in ar-
bitrary units]), and (c) time to peak 
(TTP [in seconds]). For the quantifica-
tion of destruction-replenishment DCE 
US data sets, time-intensity curves 
from continuous infusion of nontar-
geted microbubbles were fitted with a 
destruction-replenishment model (31), 

Figure 2

Figure 2: A, US images show the antiangiogenic treatment effect at 3D molecularly targeted US (USMI), bolus DCE 
US, and destruction-replenishment DCE US in two representative subcutaneous human colon cancer xenografts. After 
administration of a single dose of bevacizumab, imaging signal (demonstrated at identical volume rendering settings 
of molecularly targeted US signal [left column], bolus DCE US at peak enhancement [middle column], and destruction-
replenishment DCE US at complete replenishment [right column]) substantially decreased 24 hours after antiangiogenic 
treatment compared with baseline images by using the three imaging techniques. B, In saline-treated tumors, the 
imaging signal did not change substantially before and after treatment. Scale bar = 10 mm.
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with saline-treated tumors (13.3 a.u. 
6 4.8). Similarly, percentage area of 
blood vessels at quantitative immuno-
fluorescence was significantly smaller 
(P = .03) in treated tumors (1.4% 6 
1.2) when compared with saline-treat-
ed tumors (4.4% 6 3.6, Fig 4).

Comparison of 3D Molecularly Targeted 
US versus 3D DCE US for Assessment of 
Antiangiogenic Treatment
Three-dimensional molecularly tar-
geted US and 3D destruction-replen-
ishment DCE US were comparably 
accurate in the assessment of antian-
giogenic treatment effects as early as 24 
hours after treatment by using ex vivo 

enhancement, AUC, TTP, rBV, rBF, 
and blood flow velocity did not change 
significantly (P . .99) at 24 hours 
(Table; Figs 2, 3). A significant de-
crease in molecularly targeted US sig-
nal, peak enhancement, and rBV (all P 
 .03) was observed in the treatment 
group after antiangiogenic treatment 
at 24 hours when compared with the 
control group (Table; Figs 2, 3).

Ex Vivo Analysis of Tumors
After antiangiogenic treatment, VEGFR2  
expression levels at quantitative immu-
nofluorescence of treated tumors (6.6 
arbitrary units [a.u.] 6 2.6) were signif-
icantly lower (P = .03) when compared 

two groups, with a mean increase in 
volume of 20.7% 6 20.6 (P = .13) in 
the control group and 15.0% 6 10.8 (P 
= .21) in the antiangiogenic treatment 
group (Figs 2, 3).

By using 3D molecularly targeted US 
and 3D DCE US techniques, a significant 
decrease of 3D molecularly targeted  
US signal, peak enhancement, and 
rBV (all P  .03) was observed when 
compared with baseline after antian-
giogenic treatment at 24 hours (Table; 
Figs 2, 3), while AUC, TTP, rBF, and 
blood flow velocity did not change 
significantly (P  .21). In control an-
imals with saline-only treatment, 3D 
molecularly targeted US signal, peak 

Figure 3

Figure 3: Box and whisker plots of the antiangiogenic treatment effects on A, tumor volume, B, VEGFR2-targeted 3D molecularly targeted 
US (USMI) signal, and perfusion values obtained with, C, bolus DCE US and, D, destruction-replenishment DCE US. The percentage change 
from baseline to 24 hours after treatment is plotted in treatment and control groups. Each box in the plot represents the 25th and 75th 
quartiles; the line inside each box indicates the median, and the whiskers indicate the 5th and 95th percentile of measurements, excluding 
the outliers (indicated by the X at the end of each line). PE = peak enhancement. ∗ = P , .05, ∗∗ = P , .001.
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treatment response before overt ana-
tomic changes occur.

Molecular US and functional US are 
particularly well suited for the assess-
ment of early postchemotherapy treat-
ment response of both primary tumors 
and metastases in organs that are eas-
ily accessible to US, such as the liver 
(33–36). US does not expose patients 
to ionizing radiation, is widespread and 
available at relatively low cost, and, ow-
ing to its portability, can be performed 
repetitively in sick patients who are 
not able to be transported to undergo 
imaging with dedicated scanners. In 
particular, during early induction che-
motherapy, molecular and/or functional 
US could be performed in the clinic to 
evaluate whether patients respond well 
to a given treatment or whether it is 
necessary to switch to an alternative 
treatment early on. Furthermore, the 
introduction of 3D imaging capabil-
ities by using a clinical 3D matrix array 
transducer can overcome the previous 
limitations of two-dimensional US—
that is, only covering a small fraction 
of the tumor volume, thereby assessing 
only an arbitrary plane within the tu-
mor volume, which results in sampling 
errors and substantial errors in the as-
sessment of treatment response.

In our study, we compared three 
different molecular and functional US 
techniques in the same animals to eval-
uate the capabilities of these techniques 
in the assessment of antiangiogenic 
treatment response compared with 
quantitative immunofluorescence as the 
ex vivo reference standard. Our findings 
show that US parameters obtained with 
both 3D molecularly targeted US and 
destruction-replenishment DCE US cor-
related well with the respective ex vivo 
reference standards, while bolus DCE 
US did not. Molecularly targeted US is 
a quantitative technique to monitor mo-
lecular markers in vivo (12–14,19). The 
imaging signal linearly correlates with 
the number of molecularly attached 
microbubbles (37), which depends on 
the number of tumor vessels that ex-
press the angiogenic marker, such as 
VEGFR2, and the density of the marker 
expression per tumor vessel area. With 
the destruction-replenishment DCE 

allowed assessment of antiangiogenic 
treatment effects in a murine xenograft 
model of human colon cancer. However, 
only 3D molecularly targeted US and 
replenishment-destruction 3D DCE US 
(rBV and rBF) correlated well with the 
ex vivo reference standards of VEGFR2 
expression and percentage vessel area, 
respectively. Perfusion parameters ob-
tained with bolus 3D DCE US (peak 
enhancement, AUC, and TTP) did not 
correlate with the ex vivo reference 
standard of percentage vessel area.

Early discrimination between che-
motherapy responders and nonre-
sponders has major implications for 
patient care, including the potential to 
spare nonresponding patients the high 
morbidity and cost associated with 
these treatments and the potential 
for oncologists to change chemother-
apy regimens sooner to more effective 
alternative therapies. Also, several 
newly introduced therapeutic agents, 
including antiangiogenic and other 
molecularly targeted drugs, impose 
more challenges, because these ther-
apies often induce cytostatic rather 
than cytotoxic effects, with little or 
no change in tumor size detectable on 
anatomic images. Therefore, comple-
mentary next-generation imaging ap-
proaches are critically needed to allow 
early evaluation and/or prediction of 

immunofluorescence findings as the ref-
erence standard. There was excellent 
correlation between in vivo 3D molec-
ularly targeted US signal and ex vivo 
VEGFR2 expression levels (r = 0.86, P 
= .001). rBV (r = 0.71, P = .01) and 
rBF (r = 0.78, P = .005) obtained with 
3D destruction-replenishment DCE US 
correlated well with ex vivo percentage 
area of blood vessels. The correlation of 
molecularly targeted US signal with ex 
vivo VEGFR2 expression levels was not 
significantly different from the correla-
tion between rBV (P = .44) and rBF (P 
= .65) with ex vivo percentage area of 
blood vessels.

In contrast, blood flow velocity ob-
tained with 3D destruction-replenish-
ment DCE US did not correlate with ex 
vivo percentage area of blood vessels (r 
= 0.19, P = .57). Also, peak enhance-
ment (r = 0.39, P = .23) and AUC (r 
= 20.13, P = .71), as well as TTP (r = 
20.20, P = .55) obtained with the 3D 
bolus DCE US technique, did not cor-
relate with ex vivo percentage area of 
blood vessels.

Discussion

The results of this study demonstrated 
that 3D molecularly targeted US and 3D 
DCE US by using a clinical US machine 
and a clinical matrix array transducer 

Percentage Changes of in Vivo Imaging Parameters Obtained with 3D Molecularly 
Targeted US and 3D DCE US after Antiangiogenic and Saline-Only Treatment in Human 
Colon Cancer Xenografts

Technique and Parameter
Antiangiogenic  
Treatment (n = 14) (%)

Saline Treatment  
(n = 9) (%)

P Value for Treatment 
Group vs Control Group

3D molecularly targeted US signal 254 6 21 (.03) 31 6 46 (..99) ,.001
3D bolus DCE US
 Peak enhancement 256 6 33 (.01) 12 6 46 (..99) .01
 AUC 253 6 42 (.28) 11 6 57 (..99) .06
 TTP 13 6 26 (..99) 4 6 30 (..99) ..99
3D destruction-replenishment DCE US
 rBV 248 6 51 (.02) 23 6 57 (..99) .03
 rBF 243 6 50 (.21) 55 6 135 (..99) .06
 Blood flow velocity 20 6 94 (..99) 27 6 71 (..99) ..99

Note.—Values are percentage changes (means 6 standard deviations) from baseline to 24 hours after treatment. Numbers in 
parentheses indicate the P values calculated between baseline and 24 hours after treatment in each group. All P values are 
corrected for multiple comparisons by using the Benjamini-Hochberg procedure.
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parameters, including rBV and rBF 
(31,40). The advantages of this method 
over the bolus DCE US method include 
obviating the need to estimate the indi-
cator input function at the tumor (41). 
Measuring an input function for bolus 
DCE US is challenging because of the in-
ability to visualize large vessels (such as 
the aorta) or a defined feeding vessel of 
the imaged tumor, owing to the limited 

Current models take advantage of the 
precise knowledge of the indicator input 
function this method provides, as well as 
the effect of the ultrasound beam charac-
teristics and the fractal geometry of the 
vasculature on the resulting distribution 
of replenishment transit times (39). The 
destruction-replenishment method is 
therefore truly quantitative and can be 
used to extract several perfusion-related 

US method, a constant infusion rate 
of microbubbles (38) is used, and the 
method is used to exploit the unique 
ability of an ultrasound beam to disrupt 
microbubbles, thus introducing a “neg-
ative bolus” into the anatomic area se-
lected (38). The rate of replenishment 
of microbubbles into the field of view 
is then captured and modeled by us-
ing standard indicator dilution theory. 

Figure 4

Figure 4: A, Representative photomicrographs of VEGFR2 (red), CD31 (green), and merged (yellow) staining of human 
colon cancer tissue slices obtained from the tumor center show decreased VEGFR2 expression levels and percentage 
area of blood vessels in a tumor treated with antiangiogenic therapy (lower row) compared with tumor treated with sa-
line only (upper row) (scale bar = 100 µm). B, Box plots summarize quantitative ex vivo results of immunofluorescence 
and percentage area of blood vessels in treated and nontreated tumors. Each box in the plot represents the 25th and 
75th quartiles; the line inside each box indicates the median, and the whiskers indicate the 5th and 95th percentile of 
measurements, excluding the outliers (indicated by the X at the end of each line). ∗ = P , .05.
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